Carbon nanotube is nature's smallest fiber and predicted to have a range of unusual mechanical and electrical properties. One possible route to harnessing these properties for applications would be to incorporate nanotubes in a composite material. Here, we report the mechanical properties of multi-walled carbon nanotube (MWCNT) reinforced alumina composites made with a pristine MWCNT and an acid-treated version that have nanoscale defects on their surfaces from an acid treatment. It was demonstrated that surface modification of the MWCNT is effective in improvement of bending strength and fracture toughness of the MWCNT-reinforced alumina composites. On the basis of the results, we also prepared three sets of the acid-treated MWCNT-reinforced alumina composites having different sintering additives, in order to investigate the effects of sintering additives on their microstructures and mechanical properties. Mechanical properties of the composites were dependent mostly on the type of sintering additives and amount of MWCNT. The 0.9 vol.% acid-treated MWCNT-reinforced alumina composites with MgO sintering additive gave the highest bending strength (689.6 ± 29.1 MPa) and fracture toughness (5.90 ± 0.27 MPa·m 1/2 ), respectively.
Introduction
Carbon nanotubes (CNTs) are currently the focus of intense multidisciplinary study because of their unique physical and mechanical properties (1) - (3) . These superior properties make CNTs attractive for many applications and technologies. In order to take advantages of intrinsic properties of individual CNTs, various CNT forms (4) - (14) and composites (15) - (21) have been demonstrated to overcome the performance limits of conventional materials. As a structural material, ceramics present many advantages over metals. But for many applications such as combustion engines and shaft bearings, metals are often preferred to ceramics. The main reason for this is that ceramics are far more brittle than metals. Incorporating CNTs into a ceramic matrix might be expected to produce tough as well as highly stiff and thermostable ceramic composites. Until now, however, most results for strengthening and toughening have been disappointing, and only little or no improvement has been reported in CNT/ceramic materials (15) (16) (18) (19) . In one study, Padture et al. (16) used a spark plasma sintering technique to prepare alumina composite containing 10 vol.% single-walled carbon nanotubes (SWCNTs). The authors performed single edge notched beam (SENB) tests on an SWCNT/alumina and alumina-based composite containing graphite particles. The fracture toughness of the SWCNT/alumina composite measured by the SENB method was reported to be similar to that of a graphite/alumina composite. This could be due to the poor connectivity between SWCNTs and alumina matrix (22) (23) .
It is well known that the two problems exist in CNT/ceramic composite materials research. The first is the inhomogeneous dispersion of CNTs in the matrix. Pristine CNTs are well known for poor solubilization, which leads to phase segregation in the composite owing to the van der Waals attractive force (24) . Severe structural inhomogeneities result in the degradation of the mechanical properties of the CNT/ceramic composite materials (18) (19) . The second problem is the poor connectivity between CNTs and the ceramic matrix, which leads to a limited stress transfer capability from the matrix to the CNTs (23) (24) . The connectivity with the matrix, and uniform distribution within the matrix are essential structural requirements for the stronger and tougher CNT/ceramic composites. Here, we report the mechanical properties of multi-walled carbon nanotube (MWCNT) reinforced alumina composites made with a pristine MWCNT and an acid-treated version of this MWCNT type. The rationale behind the acid treatment is to introduce nanoscale defects and adsorb negatively charged functional groups at the MWCNT ends and along their lengths. These functional groups make them easily dispersed in polar solvents, such as water and ethanol (25)(26) . It is well known that various sintering additives have been shown to promote densification, and different type of sintering additives can bring different effects on microstructures and properties of the conventional alumina ceramics. The effects of sintering additives on microstructure and properties of conventional alumina ceramics were reported, and MgO and SiO 2 have been demonstrated to be effective as sintering additive. However, the effects of the sintering additives on microstructures and properties of an alumina-based MWCNT composite have heretofore not yet been reported. We also prepare three sets of the acid-treated MWCNT-reinforced alumina composites with MgO and SiO 2 sintering additives. The effects of sintering additives on the microstructure, mechanical properties and electrical conductivities of the MWCNT-reinforced alumina composites were investigated.
Experimental
The multi-walled carbon nanotubes (MWCNTs) used in this study was provided by Nano Carbon Technologies Ltd., and the purity was claimed to be 99.5% by the producer. The estimated diameter and length of the pristine MWCNTs from scanning electron microscopy (SEM, Hitachi S-4300) and transmission electron microscopy (TEM, Hitachi HF-2000) measurements ranged from 33 to 124 nm (average: 70 nm) and 1.1 to 22.5 μm (average: 8.7 μm), respectively. The pristine MWCNTs were refluxed in 3:1 (volume ratio) concentrated H 2 SO 4 :HNO 3 mixture at 70˚C for 2 h, washed thoroughly with distilled water to be acid-free, and then finally dried in an oven at 60˚C. A typical synthesis procedure for the composite preparation is as follows. The 50 mg pristine or acid-treated MWCNTs were dispersed in 400 ml ethanol with aid of ultrasonic agitation. 15.2 g aluminum hydroxide (Wako Pure Chemical Industries, Ltd.) was added to this solution and ultrasonically agitated. 73 mg magnesium hydroxide (Wako Pure Chemical Industries, Ltd.) was added to prevent excessive crystal growth. Here, the weight loss of the hydroxides caused by the dehydration process was accounted for in the calculation of the composite composition. The weight loss of Al(OH) 3 , Mg(OH) 2 and SiO 2 ·nH 2 O (Wako Pure Chemical Industries, Ltd.) was 34.7%, 31.9% and 50.0%, respectively. The resultant suspension was filtered and dried in an oven at 60˚C. Finally, the product obtained in the previous step was put into a half-quartz tube and was dehydrated at 600˚C for 15 min in argon atmosphere. 
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To betwe Figure   Fig It can be seen from Fig. 1(a) that the pristine MWCNTs have a high crystalline multi-walled structure with no defects on the wall surface. Examination of the acid-treated MWCNTs by TEM revealed that no significant overall damage took place in the MWCNTs during the acid treatment. The detailed structural information of the acid-treated MWCNTs was retrieved from the enlarged TEM image, as shown in Fig. 1(b) . It is demonstrated that with the acid treatment of the MWCNTs, we have successfully introduced nanoscale defects on the surface of the MWCNTs. The depths of the nanodefects are typically 10-20 nm. It has been reported (25) that CNTs can be cut into shorter segments with carboxylic groups by acid treatment of 3:1 (volume ratio) concentrated H 2 SO 4 :HNO 3 mixture. No such slight change in the length has been found in the acid-treated MWCNTs. The average length of the MWCNTs estimated from SEM changed from 8.7 to 8.3 μm after the acid treatment.
In this study, we used a spark plasma sintering (SPS) method in order to obtain fully dense composites. The pure aluminum hydroxide powder can be solidified by SPS to near-theoretical density. The relative densities of both the composites containing 0.9 vol.% pristine and acid-treated MWCNTs are also the near-theoretical densities, whereas that of both the composites decreased with increasing MWCNT content. It is well known that CNT aggregates will reduce the relative density of the composite because of their porous rope-like structure (18) (19) . The decreases of the relative density suggest that some MWCNT aggregates remain in the composites.
Figures 2(a) and (b) show the dependence of bending strength and fracture toughness on MWCNT content. It has been demonstrated that surface modification of the MWCNTs is effective in improvement of bending strength and fracture toughness of the MWCNT-reinforced alumina composites (27) . There are few papers which report significant improvement in the mechanical properties such as toughness, and the improvement by CNT addition has been limited so far in previous studies. In our composites, however, the bending strength and fracture toughness simultaneously increase with the addition of a small amount of the MWCNTs. The bending strength and fracture toughness of the 0. , respectively. At the same time, the bending strength and fracture toughness of the acid-treated MWCNT-reinforced alumina composites were always higher than those of the composites made with pristine MWCNT under identical MWCNT content. It was reported (28) that the zeta potential of aluminum hydroxide exhibited positive values over a wide pH range (pH = 3-9), while that of the acid-treated MWCNTs was negative in this pH range. On these two colloidal suspensions are mixed, particles of aluminum hydroxide will bind onto the acid-treated MWCNTs because of the strong electrostatic attractive force between them, and this results in a homogeneous MWCNTs and aluminum hydroxide solution. We believe that the improvement of bending strength and fracture toughness of the composites made with the acid-treated MWCNT may be due to a homogeneous distribution of MWCNTs in the alumina matrix.
Effects of Sintering Additives on the Mechanical Properties
We here investigate the effects of MgO or SiO 2 addition on microstructures and mechanical properties of the acid-treated MWCNT-reinforced alumina composites on the basis of the experimental results reported in the section 3.1. Here, the SiO 2 ·nH 2 O of 0.5 and 1.0 mass% SiO 2 were added to prevent grain growth of alumina. The physical and mechanical properties, and electrical conductivities of the composites are shown in Table 1 . The properties of the composites with MgO sintering additive are also indicated in Table 1 . The relative densities of each composite containing 0.9 vol.% MWCNTs are the near-theoretical densities, whereas those of composites decreased with increasing MWCNT content. This indicates that some MWCNT aggregates remain in the composites, as noted in the section 3.1. The higher relative density and hardness for the composites with MgO sintering additive may be attributed to more homogeneous distribution of MWCNTs compared with the composites having SiO 2 , as revealed by SEM fracture surface observations. No clear difference in the electrical conductivity is observed between the both the composites. Addition of only 0.9 vol.% MWCNTs to the alumina matrix increased the electrical conductivity of the composite by about 7-9 orders of magnitude compared with that of MWCNT-free monolithic alumina. Figures 3(a) and (b) show the dependence of bending strength and fracture toughness on sintering additives. As exemplified in Fig. 2 , the 0.9 vol.% acid-treated MWCNT-reinforced alumina composite with MgO sintering additive gave the highest mechanical performance, but bending strength and fracture toughness decreased drastically with increasing MWCNT addition. This infers that the MWCNT cluster in the matrix seriously affected the strength and toughness (18) . In the case of the SiO 2 sintering additive, however, measured strengths of both the composites were slightly improved by the addition ), respectively. We now discuss the microstructures of the composites using SEM analysis. Figure 4 shows the microstructure of the fracture surface of the acid-treated MWCNT-reinforced alumina composite. The crack propagation behavior is one of the most important issues for improving the mechanical performance of alumina. When a crack propagates in polycrystalline alumina, intergranular fractures as well as transgranular fractures are formed. Because grain boundaries in polycrystalline alumina have their own resistance to the intergranular fracture, crack propagation to form intergranular fractures is influenced by the character of grain boundaries. SEM fracture surface observations revealed a variety of structural patterns. They are presented as examples of what happens as a result of loading to breaking. From the SEM fracture surface observations, the following features can be noted. First, since there were no facets of the alumina crystals in the composites with SiO 2 sintering additives, as shown in Fig. 4(a) , crack propagations resulted in transgranular fracturing. On the other hand, as shown in Fig. 4(b) , the fracture surface in the composites with MgO sintering additive is much rougher than in the composites with SiO 2 . Namely, the fracture surface of the composites with MgO has irregular surface morphology with significant asperities, compared with the smooth surface in the composites with SiO 2 , indicating that intergranular fracturing took place in the matrix of composites with MgO. The fracture mechanism of the alumina matrix was affected by additives such as SiO 2 and MgO. Second, no clear difference in the grain size is observed between the composites with SiO 2 and MgO, even though the incorporation of MWCNTs seems to suppress the grain growth of alumina. Third, as exemplified in Fig. 4(c) and 4(d) , in the case of the smaller amount of the MWCNTs, no phase segregation was observed in the both the composites. Forth, as shown in Fig. 4 (c) and 4(d), numerous individual MWCNTs protrude from the fracture surfaces of both the composites and the pullout of the MWCNTs can be clearly observed (at SEM resolution), which had not been obtained until now for conventional CNT/ceramic composites. Fifth, in the case of composites with SiO 2 , as shown in Fig. 4(e) , the most of MWCNT are located in transgranular phase and some MWCNTs showed that the diameter of pullout MWCNT drastically slenderized toward their tip, quite similar to that observed in a broken MWCNT under tensile load ('sword-in-sheath'-type failure) (29) .
This failure mode of the acid-treated MWCNTs may be due to the enhancement of effective frictional resistance between individual MWCNTs and the alumina matrix. The MWCNTs in the composites with MgO are located in the intergranular phase and sword-in-sheath-type failure is also observed, as shown in Fig. 4(h) . No clear differences are observed in the fracture surface morphology between bending strength and fracture toughness s amples. No clear differences in the grain size are observed between the MWCNT/alumina composites with MgO and SiO 2 , even though the incorporation of MWCNTs seems to suppress the grain growth of alumina. Further detailed tests need to be carried out in order to clarify the effect of the MWCNT addition on the grain size. These observations revealed that the high structural homogeneity and enhanced frictional resistance of the structural components leads to an increase in the strength of the acid-treated MWCNT-reinforced alumina composites. At the same time, different type of sintering additives can bring different effects on fracture mechanism of the MWCNT reinforced alumina composites. Thus, we expect the mechanical properties of the MWCNT-reinforced alumina composites may be controllable by changing the type and amount of sintering additives, although further experiment need to be conducted. For the larger amount of the MWCNTs, however, the degradation of mechanical properties of both the composites may be primarily attributed to the phase segregation. Because a bundle of segregated CNTs has poor load-carrying ability, the effect of this kind of CNT aggregate in the matrix may be similar to that of pores (18) (19) .
Conclusion
In summary, an alumina composite made with MWCNT were prepared using aluminum hydroxide as a starting material for synthesis of alumina matrix, and effects of surface modification of MWCNT and sintering additives on the microstructures and mechanical performance of the resultant composites were investigated. It has been demonstrated that surface modification of the MWCNTs was effective in improvement of bending strength and fracture toughness of the MWCNT-reinforced alumina composites. The bending strength and fracture toughness simultaneously increased with the addition of a small amount of the MWCNTs. Microstructures and mechanical properties of the composites were dependent mostly on the type of sintering additives and amount of MWCNT. The fracture mechanism of the alumina matrix was affected by SiO 2 and MgO sintering additives, on the basis of the SEM fracture surface observations. The composites with SiO 2 showed that there were no facets of the alumina crystals on the fracture surface, indicating the transgranular fracturing. On the other hand, the fracture surface in the composites with MgO was much rougher than in the composites with SiO 2 , indicating that intergranular fracturing took place in the matrix. No clear difference in the strength is observed between the composites with SiO 2 and MgO, whereas the fracture toughness of composites with SiO 2 decreased with increasing MWCNT content. The 0.9 vol.% acid-treated MWCNT-reinforced alumina composites with MgO sintering additive gave the highest bending strength (689.6 ± 29.1 MPa) and fracture toughness (5.90 ± 0.27 MPa·m 1/2 ), respectively. Our present work may give a promising future for application of industrial applications of MWCNTs in reinforcing structural ceramic components and other materials systems as well. The acid-treated MWCNT-reinforced alumina composites may have potential applications to tribomaterials such as combustion engines, shaft bearings and micro-electro-mechanical systems (MEMS), because of the CNT's good lubrication properties (30) .
